Structure of Extremely Nanosized and Confined In-O Species in Ordered
  Porous Materials by Lopez, J. M. Ramallo et al.
ar
X
iv
:c
on
d-
m
at
/0
30
54
80
v2
  [
co
nd
-m
at.
mt
rl-
sc
i] 
 18
 A
pr
 20
07
Structure of Extremely Nanosized and Confined In-O Species in Ordered Porous
Materials
J.M. Ramallo-Lo´pez,1 M. Renter´ıa,1, 2 E.E. Miro´,3 F.G. Requejo,1, 4 and A. Traverse2
1Departamento de F´ısica, FCE , Universidad Nacional de La Plata, C.C. N◦67, 1900 La Plata, Argentina
2LURE, Universite´ Paris-Sud,Baˆt. 209 A, B.P. 34, 91898 Orsay Cedex, France
3 INCAPE (FIQ, UNL, CONICET), Santiago del Estero 2829, 3000 Santa Fe, Argentina
4Lawrence Berkeley National Laboratory, One Cyclotron Road-Mailstop 66-200, Berkeley CA 94720, USA
(Dated: November 17, 2018)
Perturbed-angular correlation, x-ray absorption, and small-angle x-ray scattering spectroscopies
were suitably combined to elucidate the local structure of highly diluted and dispersed InOx species
confined in porous of ZSM5 zeolite. This novel approach allow us to determined the structure of
extremely nanosized In-O species exchanged inside the 10-atom-ring channel of the zeolite, and to
quantify the amount of In2O3 crystallites deposited onto the external zeolite surface.
The study of structural, magnetic and electronic prop-
erties of nanostructured, subnanostructured and, in the
other extreme, highly diluted monoionic species in solids
deserves increasing attention not only from a fundamen-
tal point of view but also for their technological ap-
plications [1]. In one extreme, highly-dispersed metal-
lic exchanged-atoms in an infinite variety of compounds
present, e.g., very important catalytic properties [2],
which are not clearly correlated with the active species
responsible for them since their physical entities are of-
ten unknown. The design of new catalysts with improved
activity, selectivity and stability requires the complete
knowledge of the local environment of the active cen-
ters and its correlation with the desired reaction. The
complete characterization of this kind of structures is at
present a challenging problem not only in catalysis but
also in many fields of physics.
An additional difficulty is the confinement of the di-
luted species inside porous materials. In general, ex-
perimental techniques based on energetic probes that
strongly interact with the materials, may destroy them.
On the other side, low energetic probes are unuseful since
they have to pass through the walls around the “hidden”
locations of the confined clusters or atoms and their ki-
netic energy is attenuated.
The importance of the extended X-ray absorption
fine structure (EXAFS) spectroscopy to study struc-
tural properties in crystalline solids [2], nanoclusters [3]
and highly dispersed ionic species in catalysis [4] has
been long acknowledged. EXAFS constitutes a powerful
“atom selective” technique to extract direct information
about type, number and distances of neighbors of the
absorber atom [5, 6]. However, in EXAFS analysis, if
more than one species has the same type of bonds (same
element and similar bond-lengths), the information from
each one would be almost impossible to extract directly,
unless some additional information is known.
The perturbed-angular-correlation (PAC) technique
requires a suitable probe-atom (native or foreign) to be in
the system under study, being in this sense also ”atom se-
lective”. PAC enables the precise determination - at the
probe site - of the electric-field gradient tensor (EFG),
which is extremely sensitive to the anisotropy of the elec-
tronic density near the nucleus, which in turn reflects the
probe-neighboring coordination. PAC has been inten-
sively applied to many fields in science during the past
two decades with success [7] and, very recently, to the de-
velopment of accurate ab initio calculations of the EFG
at diluted impurity sites in crystalline solids [8]. How-
ever, structural information is not easily obtained if we
are dealing with highly dispersed, disordered, and coex-
istent multiple-species.
In this letter, we will show that the combination of
gamma- and X-ray-based techniques like PAC, EXAFS,
and small-angle X-ray scattering (SAXS) can be a novel
and powerful experimental tool that can be applied to the
emerging field of structure determination of extremely
nanosized and confined species, like In-species at ex-
change sites in ZSM5 zeolites.
The crystalline zeolite framework, an aluminum-
silicate structure crossed by channels and cavities, is a
challenging laboratory to study the exchange and depo-
sition of confined particles in internal surfaces. It has
been shown [9] that In exchanges at Al acid sites of the
zeolite and, due to its specific surface, 90 % of these sites
are inside the channels. In/ZSM5 is known as a promis-
ing catalyst in one of the major topics in environmental
catalysis, the selective catalytic reduction (SCR) of ni-
tric oxides by hydrocarbons [9, 10]. The nature of the
active sites for SCR with methane (SCRM) in In/zeolite
catalyst has been extensively studied but only little qual-
itative information about them has been obtained[11].
Ogura et al. [9] showed that the active site in In/ZSM5
for the SCRM are intrapore In species, and suggested
that they are (InO)+ oxoions coordinated at the Z− ex-
change sites of the zeolite. Very recently, Schmidt et
al.[12] reported an exhaustive spectroscopic study of the
structure of In-species (not necessarily active) using sev-
eral preparation methods to synthesize In/ZSM5. Since
they did not succeed to obtain a sample with an iso-
2TABLE I: Fitted hyperfine parameters values that character-
ize the interactions observed in the PAC spectrum of Fig. 1.
Site f (%) ωQ (Mrad/s) η δ (%)
I1 41(5) 19.0(2) 0.72(1) 1.4(2)
I2 13(2) 25.0(1) 0.14(2) 1.7(4)
I3 46(2) 32.2(5) 0.33(3) 9.1(1.0)
lated active species they have not attempted to extract a
particular In-O distance among several oxygen neighbors
to verify the existence of the In-oxo site. In a previous
work we studied in detail the several In species that can
arise using different preparation methods and activation
treatments, leading to highly active catalysts [10]. By
means of the PAC technique we characterized this sys-
tem and quantified the amount of In active sites. How-
ever, little information about the structure of this species
could be obtained because of the high distribution of its
hyperfine frequency and the lack of accurate EFG cal-
culations. In this work we have therefore selected the
preparation route that yields to the largest amount of
the active species and with the rest of In atoms forming
bulk In2O3 at the external surface of the zeolite.
NH4-ZSM5 with a Si/Al ratio of 26.4 obtained as in
Ref.10 was used as starting material. Indium was in-
corporated to the zeolite by the conventional wet im-
pregnation method, stirring an aqueous solution of InCl3
(added in an amount as to obtain a sample with 4 wt%
of In) and NH4-ZSM5 at 80
oC until all water was evap-
orated, followed by drying in a stove at 120oC for 12 h.
After this, the solid was pretreated in a dried oxygen at-
mosphere heating up to 500oC at 5oC/min, and holding
the final temperature for 12 h. Afterwards, the sam-
ple was calcined for 2 h in oxygen at 750oC. In order to
perform the PAC experiments the probe 111In was intro-
duced by adding traces of 111InCl3 to the non-radioactive
InCl3 solution.
111In decays by electron-capture to ex-
cited states of 111Cd, which reaches the ground state
mainly through a γ-γ cascade with an intermediate nu-
clear state of quadrupole moment Q that interacts with
the EFG existing at the probe site. This EFG, which
perturbs the γ-γ angular correlation, can be determined
by measuring the time modulation of the γ-γ coincidence
rate. A four BaF2-detector fast-fast coincidence system
in a coplanar 90o arrangement was used to measure the
γ-γ coincidence spectra, which are combined to form
the anisotropy ratio R(t). This R(t) can be expressed
as the sum of cosine functions of three interaction fre-
quencies from which the strength, VZZ , and symmetry,
η = (VXX−VY Y )/VZZ , of the diagonalized and traceless
EFG tensor can be determined. If the probes are located
at different sites, their relative concentration fi can also
be determined model independently. A detailed descrip-
tion of the technique can be found elsewhere [13]. Figure
1 shows the PAC spectrum for the In(111In)/ZSM5 sam-
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FIG. 1: (a) PAC spectrum of In(111In)/ZSM5 measured at
500oC in air. Solid line is the least-squares fit of theoreti-
cal R(t) function to the data. (b) Fourier transforms of the
R(t) spectra (dashed line), of the R(t) fit (solid line), and the
contribution of I3 (shaded curve).
ple taken at 500oC in air, and its corresponding Fourier
transform. It should be noted that no after-effects due
to the electron-capture decay of 111In are present, as ex-
pected at this temperature [14]. In Table I, the fitted hy-
perfine parameters f, ωQ = eQVZZ/40h¯, η and δ (that ac-
counts for a Lorentzian EFG distribution around a mean
ωQ value originated from a distribution of very similar
neighborhoods of the probe for a certain site) are shown.
The three hyperfine interactions indicate that In occupies
three different sites. The first two (I1 and I2) correspond
to 111In in the two inequivalent sites of In2O3 present
in the expected 3:1 population ratio [14], and the third
one (I3) with a concentration of 46% corresponds to the
catalytically active species, since it has been shown that
In2O3 is not active for the reaction of interest [10]. The
low δ values of I1 and I2 agree well with the fact that
crystallites of very small dimension are really a minority
in the sample. The slight deviation from axial symme-
try of site D has been already reported for crystalline
In2O3[15].
The In K-edge (27940 eV) X-ray absorption coeffi-
cients were measured at the D42 beamline (XAS13 sta-
tion) of the DCI synchrotron at LURE. The spectra were
recorded with 4 eV steps at room temperature in air using
a two-crystals Ge400 monochromator and Kr gas in the
ionization chambers. The EXAFS data were extracted
from the measured absorption spectra by standard meth-
ods [16]. The spectra were Fourier-transformed in or-
der to obtain the radial distribution functions around
In atoms in the samples. This function gives a view of
the atomic distribution around the absorber, with peaks
at distances where neighboring shells are located. The
height of the peaks is related to the type and coordination
number (CN) of neighbors. The study of small particles
by EXAFS could lead to average coordination numbers
(ACN) smaller than those expected for the bulk because
of the contribution of atoms in the surface. The struc-
tural and thermal disorder, and a distribution of slightly
different surroundings for a certain site (accounted for
by the Debye-Waller factor, σ2) could also reduce the
height of the peaks. Figure 2 shows the K-edge EXAFS
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FIG. 2: In K-edge EXAFS spectra (right) and their Fourier
transforms (left) of (a) In2O3; (b) In/ZSM5 catalyst.
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FIG. 3: ACN of In at the symmetric site in In2O3.
spectra of In2O3 and In/ZSM5 as well as their Fourier
transforms. At first sight, both spectra differ only in the
smaller amplitude of the second one. As there is a mix-
ture of indium species in the catalyst - In2O3 and In-oxo
active species - and both of them have In-O bonds with
overlapping bond-length, it is not possible to fit directly
the EXAFS spectra to obtain a deconvoluted information
of one of them. In contrast, if doing so we would obtain
an average of the In CN of both species weighted by the
relative abundance of each species in the catalyst. Even
though it should be possible to propose a two-shells fit-
ting of the spectrum with modified CN’s, this procedure
will not lead to a unique solution. At this point, the rel-
ative fractions of each species obtained from 111In-PAC
measurements in a model-independent way could be used
to isolate the active species by subtracting the spectrum
of In2O3 weighted with its relative fraction, a method
similar to the difference technique used to isolate a mi-
nor component from the major components in an EX-
AFS spectrum [5]. Nevertheless, there is one thing that
must be considered, i.e., the size of the In2O3 crystal-
lites. The η parameter of the symmetric site D observed
in the PAC experiments suggested that small crystallites
of In2O3 could be present. Figure 3 shows the ACN of
In at the symmetric site of neutral spherical particles of
In2O3 for different particle sizes, obtained averaging the
CN of each In atom in the particle. As can be seen, the
ACN grows rapidly for small particles and approaches
the CN of the bulk (CN=6) for radii greater than ca. 20
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FIG. 4: Cluster volume distribution of In2O3 crystallites in
In/ZSM5. The vertical line corresponds to R=20 A˚. The
SAXS profile of the In2O3 particles is shown in the inset.
TABLE II: EXAFS results of the In K-edge difference-
spectrum of Fig. 5. ∆E0 is the inner-potential correction.[5]
Shells CN Bond-Length (A˚) σ2(A˚2) ∆E0 (eV)
In-O 0.9(2) 2.10(1) 0.003(8) 2.2(3)
In-O 2.1(2) 2.20(1) 0.011(8) 2.2(3)
In-Al 1.1(2) 2.59(1) 0.046(8) 4.7(3)
A˚. This implies that, if the In2O3 particles present in our
sample are very small (with radii of the order of 5 to 10
A˚), the subtraction of the In2O3 bulk spectrum to the
In/ZSM5 one would lead to an overestimation of the In
CN and hence to an underestimation of the CN of the
active species. On the contrary, if the sesquioxide parti-
cles are bigger than 20 A˚ in radius, their ACN would be
larger than 5.5 and it could be correct, in a first approx-
imation, to subtract the In2O3 bulk spectrum to obtain
that of the other species present in the catalyst.
Hence, the SAXS technique was used to determine
the volume distribution of indium oxide particles in the
In/ZSM5 catalysts. SAXS experiments were performed
at the SAS beamline [17] at the National Synchrotron
Light Laboratory (LNLS-Campinas, Brazil). The clus-
ter volume distribution function DV (R) [18] of the In-Ox
particles is shown in Fig.4. This function was determined
from the SAXS intensity profile (Fig. 4, inset) using the
GNOM package [19]. This profile was obtained as usual
[20] by subtracting the ZSM5 normalized SAXS spec-
trum to that of the In/ZSM5 catalysts to get rid of the
scattering contribution coming from the porous ZSM5
support. Figure 4 shows that there is a broad distribu-
tion of In2O3 particle sizes in the catalysts and there is
a maximum of DV (R) at R=50 A˚ with a long tail to
larger radii. Although there are small particles with R
< 20 A˚, its relative fraction is very small. Partial inte-
gration of the curve shows that 93% of the volume cor-
responds to particles with radius bigger than 20 A˚. For
particles bigger than 20 A˚ in radius, the average coordi-
nation number is close to that of the bulk and the dif-
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FIG. 5: Amplitude of the Fourier transform of the difference
spectrum corresponding to In species at exchange sites (cir-
cles). In the inset, back-transform of the peak in the range
0.9-2.6 (dots) and its EXAFS fit (solid line).
ference can be included within the experimental error for
the CN (ca. 10%). Under these circumstances, it is valid
to subtract the EXAFS spectrum of bulk In2O3 to the
total signal obtained for the catalyst to obtain the EX-
AFS spectrum of the I3 site. Figure 5 shows the Fourier
transform of the difference spectrum obtained subtract-
ing the In2O3 spectrum weighted with the percentage
(54%) of the oxide in the catalysts - determined by PAC
- to the In/ZSM5 EXAFS spectrum. The inset shows the
backtransform of the peak in the range 0.9-2.6 A˚ and the
fitted EXAFS functions obtained using phase and ampli-
tudes generated by the FEFF code [21]. The parameters
obtained are shown in Table II. Two oxygen shells and
one aluminium shell were found in the fitting procedure.
One oxygen atom is located at 2.10 A˚ while 2 oxygen
atoms are at 2.20 A˚. These last two oxygen atoms would
belong to the zeolite structure and would be bound to
an aluminum atom forming an acid site. The distance of
the aluminum atom to the In atom is 2.59 A˚. The closer
oxygen atom is forming the (InO)+ species proposed as
the active site and the shorter distance is consistent with
a double bond. It is seen that the Debye-Waller factor of
the second and third shells are large. This behavior can
be understood because of the different configurations in
which the (InO)+ species can be bound to different acid
sites of the zeolite, leading to slightly different distances
In-O (2nd shell) and In-Al. Similar σ values have been
found for small Pt clusters inside zeolite channels [22].
Using theoretical calculations, Jentys et al. found that
Pt particles inside zeolite channels have Debye-Waller
factors two orders of magnitude larger than an isolated
Pt particle. They assigned this effect to an exponential
damping of the EXAFS signal resulting from contribu-
tions of the zeolite lattice atoms. The several anchoring
configurations of the (InO)+ species would also explain
the high EFG distribution of I3 found by PAC (see Ta-
ble I). Because of the size of the monometallic species,
the active site can only be found in the 10-atom ring (8
A˚ diam.) of the ZSM5 zeolite as it would not fit in the
6-atom ring (5 A˚ diam.).
Consequently, by means of XAFS, TDPAC and SAXS
experiments we determined the local structure of ex-
tremely nanozised In-O species (with the geometry in-
dicated in Table II), responsible for the SCR of NOx,
located inside the larger ZSM5 zeolite channel.
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